1.
The problem of the breakdown of laminar flow has been much studied, both mathematically and experimentally. The mathematical method of approach is concerned with the prediction of the history of the deviant motion arising from an assumed initial disturbance, superimposed on a selected type of laminar motion and satisfying the equations of viscous fluid flow and the appropriate boundary conditions. A motion is considered to be stable if the deviant motion tends ultimately to vanish, and neutral or unstable if it persists or increases. In general, the dis turbance assumed is small and of a form for which the deviant motion can be expressed in terms of linear differential equations; and these restrictions curtail the choice of problem amenable to mathematical treatment.* A review of classical mathematical investigations on the stability of fluid motion has recently been published by Southwell and Chitty (1930) . Of these investigations that made by Taylor (1923) for flow in the annular space between two coaxial rotating cylinders, gives an illustration of a successful prediction of instability, experimentally verified. More recent mathe matical investigations are those on the stability of flow between parallel planes made by Prandtl (1921 Prandtl ( , 1931 , Tietjens (1925) , Tollmien (1929) and Schlichting (1932 Schlichting ( , 1933a Schlichting ( , b, 1935 . These investigations define the matical conditions under which the deviant motion grows, and give characteristic numbers, defining the wave-length and frequency detrimental to the maintenance of the laminar state: but these numbers do not necessarily indicate the onset of turbulence. A view commonly held is that breakdown of laminar flow is connected with adverse pressure gradients associated with velocity fluctuations, the magnitude of these gradients depending on the amplitude and frequency of the velocity 502 A. Fage fluctuations, and increasing with either (Dryden 1931, p. 559; Taylor 1936, p. 308) . Further, it has been suggested that it is the amplitude, rather than the frequency, of velocity disturbances which is primarily responsible for the breakdown of laminar flow and the onset of turbulence; and this suggestion has received some support from experiments made by Nikuradse (1933) .
2.
The present work deals with experiments* undertaken to obtain information on the breakdown of laminar flow. They deal with the effects of disturbances of known character on a particular type of laminar flow, namely, that for water flowing through a long pipe of annular cross-section. The disturbances considered are those due to axial oscillations of the inner wall of a pipe; those due to oscillations of the inner wall about its axis; and those from discrete eddies introduced into the pipe at its mouth. The first are laminar velocity disturbances unaccompanied by pressure changes; the second are laminar velocity disturbances accompanied by centrifugal pressure gradients; and the third consist of both velocity and pressure disturbances. The work also includes experiments on the breakdown of the axial flow of water in the annular space between two coaxial cylinders, when the outer cylinder is fixed and inner cylinder rotates at a constant angular velocity: and the visual observation of the breakdown of flow near a surface oscillating in a stationary fluid. Finally, theoretical relations for viscous flow at a surface oscillating in a stationary fluid, and for viscous axial flow in an annular pipe, when the inner wall has an axial oscillation and the outer wall is fixed, are derived.
I. W a t e r s y s t e m s : m e a s u r e m e n t o f p r e s s u r e d r o p 1. The experiments were made for water flowing through vertical pipes of annular cross-section. Each pipe was formed by a smooth brass rod (diameter 2b) mounted coaxially with a smooth brass tube (diameter 2a). A faired entry having a length 3 in. and a mouth diameter 4 in. was fitted to the end of the outer tube. Particulars of the pipes used are given in Table I. 2. The Reynolds number of transition from laminar to turbulent flow in a smooth pipe depends, in the absence of imposed disturbances, on the nature of the disturbances in the supply chamber and on those created at the entry. An endeavour was made to obtain steady conditions of flow in the entries of the pipes. Steadiness of entry flow cannot be easily and precisely measured; and to make sure that the conclusions drawn were not influenced by the conditions of entry flow, results for different entry systems were obtained. 3. Entry system A ( fig. 1 ). This system has a circular inlet tank, divided by three coaxial walls into four compartments-a, c, e,f. Water is supplied from a large tank (4x2x2 ft.), connected to the mains, to compartment and flows through a ring of holes b, into a steadying compartment c, a second ring of holes d, into the circular compartment e, and then through a horizontal wire gauze partition (extending from the circular wall of the circular compartment e, to the periphery of the mouth of the inlet) into the pipe inlet. The water-level in the inlet chamber is fixed by the height of the inner wall of the overflow chamber Entry system B ( fig. 2 ). W ater from the 4x2x2 ft. tank is supplied to an annular chamber, a, fitting on the lip of the faired entry (watertight joint). The water flows continuously through an annular opening in the bottom of this chamber, and then through two wire gauze partitions into the pipe inlet. An overflow in the supply tank maintains a constant head in the system. (fig. 3 ). The pipe inlet is enclosed in a short circular chamber (diameter 5^ in.) leading from an overhead supply tank 2 x 1 x 1 ft. The water in the tank was allowed to stand some time before opening the exit stopcock of the system. The head controlling the flow is maintained constant by a hand device, designed to allow the water-level at the exit to fall with the water-level in the supply tank.
Entry system C
4. The tube forming the outer wall of a pipe was fixed at its exit end to the lid of a circular exhaust tank ( fig. 1 ). The central rod forming the inner wall extended through a watertight gland on the bottom of the tank. The flow of water through the system was controlled by a stopcock. The test length of the pipe, N4N5 ( fig. 1) , was 5-03 in., and its upstream crosssection N4 was 33-53 in. from the mouth of the faired inlet. Four pressure holes, spaced 90° apart, were drilled in each of the sections and N5. The measured pressures at the four holes of each section were in very close agreement, and the mean value obtained when they were connected together was taken. The pressure drop -dp/dx, denoted by P, was measured, at low speeds, on Chattock water-carbon tetrachloride gauges (cup centres 13 and 26 in.), and, at high speeds, on a Chattock water-mercury gauge (cup centres 13 in.). The mean velocity of flow u was determined from the volume discharge per second, denoted by Q, obtained from the time taken to fill a tank of known volume.
5. Values of m P /\pu2 measured at the test section N4N3 o and IV are plotted against um/v in fig. 4 . The sym density and kinematic viscosity respectively of the water, and the symbol m the hydraulic mean depth, \{a -b). With entry systems A and B the experimental results for both pipes lie closely on the theoretical curve up to a value of um/v =950 (approx.): and with entry system C the results fall closely on the theoretical curve up to um)v= 1470, the value reached with the maximum pressure head available.
6. The distances of the upstream end of the test length N4N5 from the entries of the pipes III and IV were 736 and 1055 m. respectively, and the fact that the results for these two pipes, with the same entry conditions, are in agreement, show that statistically uniform conditions of flow are established at the test length. Further, measurements of pressure gradient upstream of the test length were made for pipes I and II over the lengths N2N3, V3V4, and V4V5 (see fig. 1 ). For each pipe, the values of the nondimensional coefficient 1000
Q v p / â Pf or the three length agreement over the entire range of u m / vu p to the c uniform conditions of flow existed therefore beyond the section in each of the four pipes.
II. E x p e r im e n t s o n t h e b r e a k d o w n of l a m in a r f l o w in a n ANNULAR PIPE WHEN THE INNER WALL OSCILLATES AXIALLY AND THE OUTER WALL IS FIXED 1. To ensure that the disturbances imposed on the water flowing through the pipe arose entirely from the oscillations of the central rod forming the inner wall, and not from extraneous vibrations of the water system, the rod bearings were carried on a stiff framework, erected on a heavy steel slab ( fig. 1 ). The central rod projected at its upper end through the water-level of the upper tank and at its lower end through the bottom of the discharge tank. Two oscillatory systems, a, b, were used. Each oscillatory system was self-contained and dynamically balanced, the connexion to the central rod being a self-aligning coupling stiff in the axial direction only. Each system gave a true simple harmonic motion to the rod. The amplitudes of oscillation, A, were 0-125, 0-25, 0-50 and 0-64 in. A. Fage the frequency /w as changed over a wide range. The values of selected were below the critical value (about 850) with the central rod fixed. Values of e, the ratio of the value of the non-dimensional coefficient with the rod oscillating to the value (at the same value of um/v) with the rod fixed were calculated, and a departure of the value of e from unity was taken to be an indication that the flow had departed from the laminar type. Some of the experiments were made with the central rod surrounded by a fixed circular tube (internal diameter 1 in.) which cut through the water surface to a depth of about 0-5 in., to eliminate wave formation on the free surface. The results obtained with the guard tube in place were the same as those obtained without the tube. the relation 6 of § VII, for the conditions 200, = 0-12 in .,/= 19-1 and v= 11*9 x 10~6 ft.2/sec., give the velocity distributions at successive intervals of one-eighth the periodic time, T. The dots on the curves mark the positions of points of inflexion. The value of for these curves, 282, is very close to the measured critical value. Curves for values of 2nfAXjv below the critical also have points of inflexion, so that the presence of points of inflexion does not constitute a criterion of breakdown of the laminar flow.
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III. E x p e r im e n t s o n t h e b r e a k d o w n of l a m in a r f lo w in a n
ANNULAR PIPE WHEN THE INNER WALL OSCILLATES ABOUT ITS AXIS AND THE OUTER WALL IS FIXED

1.
A few experiments were made with pipe I to determine the influence of oscillations of the inner wall about its axis on the breakdown of laminar flow. Two oscillatory systems, I and II, were used. System I oscillated the central rod through a short radial arm coupled to an oscillatory lever. The system was not dynamically balanced, but it ran smoothly, without noticeable vibration of the water system, at frequencies below 25/sec., provided the angular amplitude of the rod, 6, did not exceed 15°. With system II an oscillatory motion was given to the central rod by means of an endless reciprocating wire driving a horizontal pulley fitted to the top of the rod. The system ran smoothly at amplitudes below 150°, and at frequencies below 3/sec. Neither system gave a true simple harmonic motion.
The experimental values of 6, f, and e, and the calculated values of 2 7 rfAX/v, where A = nbd°/ISO and X = 2n{ are given in 2.
The value of £ is unity over the ranges of 6 and / covered. These ranges were too limited to allow critical values of to be reached, but the results suffice to indicate that the flow remains laminar at values of 2nfAX/v above the critical values measured with the rod oscillating axially. It is likely that the criterion for breakdown depends on the value of um/v (see § IV).
Breakdown of laminar flow in an annular pipe
IV. T h e b r e a k d o w n o f l a m in a r f l o w i n a n a n n u l a r p i p e w h e n t h e
INNER WALL ROTATES UNIFORMLY, AND THE OUTER WALL IS FIXED
1. The problem of the stability of the flow of a viscous fluid in the annular space between two infinitely long coaxial cylinders rotating uniformly, with no axial flow, has been solved mathematically, and experimentally verified, by Taylor (1923) . When the outer cylinder is fixed and (a-b)jb is small, the relation for the angular velocity of the inner cylinder coc at which a critical disturbance, which neither increases nor decreases with time, occurs is 774P2(u + 6) _ 2 w2( a -6)362~^' where /? = 0-0571 j^l -0-652|-^-j + 0-00056^1 -0-652|-This relation* can be recast into the form
2. The present experiments were made to determine the breakdown criterion for water flowing through pipe I (entry system A) under the influence of a pressure gradient parallel to the axis, when the outer wall is fixed, and the inner wall rotates with a uniform speed. Values of e, the ratio of the value of Qvp/a^P measured at the test length N^N& rod rotates at a uniform speed (a> rad./sec.) to the value when the rod is fixed (same value of um/v) are plotted in fig. 9 , against 2o)bm/v. fig. 10 and lies on the curve drawn through the experimental values.
3.
Recently, Goldstein (1937) has investigated the stability of flow under the influence of a pressure gradient parallel to the axis, with particular reference to the case in which the outer cylinder is stationary and the inner cylinder rotates uniformly.
Goldstein's numerical solutions are for the case when ( is small and they cover a low range of umjv from 0 to 12*92. The values* of and then fall, at first slowly, to 21*7 at um/v= 10*34 and then rapidly to um\v is consistent with the experimental indication, but not the rapid fall near umjv= 12*92.
Cornish ( 1. The aim of these experiments is to obtain some information on the nature of the breakdown of laminar flow near an oscillating surface: and for simplicity, the case of a surface oscillating in a stationary viscous fluid is taken.
At first, observation was made for a ^ in. flat smooth rectangular brass plate, 16 x 4 in. (chamfered edges) oscillating in the direction of its length on the floor of a water tank, 24 x 5 in., the depth of immersion of the plate below the glass lid being about 1 in. The amplitude of the oscillation was \ in., and since at the frequencies of observation the disturbance was largely confined to a thin surface layer, it was thought that a clue to the changes of flow which occur as the frequency passes through the critical value might be given by changes of the surface pattern assumed when fine particles, initially in suspension, deposited themselves on the oscillating plate. Indeed, fine particles of plaster of Paris arranged themselves in parallel bands normal to the direction of oscillation at frequencies below the critical value predicted from the pipe experiments of § II, and in the neighbourhood of the critical frequency this pattern changed into a rectangular one, with bands in and normal to the direction of oscillation. This significant change was however not convincing for the cause of the parallel-band formation below the critical frequency was not discovered. It was suspected that this formation was a spurious manifestation associated, in some way, with the particles themselves or with an inter ference flow arising from the free edges of the plate; and this suspicion was proved to be well founded, for heavy particles of silica sand gave the parallel-band formation at frequencies well above the critical frequency.
2. Observation of the flows of water and of water-glycerine mixtures in the annular space between two coaxial cylinders when the inner wall had an angular oscillation (outer wall fixed) was then made. The oscillating surface was here continuous in the direction of oscillation, and by the use of minute particles suspended in the fluid to reveal the motion, interference flows of the kind suspected to be present in the flat-plate experiments Vol. CLXV. A.
were avoided. Fluctuating centrifugal pressures were however introduced by the oscillation.
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A general arrangement of the apparatus is shown in fig. 11 . Both the inner and outer cylinders (a =3-218 in., 6 = 2-458 stout gunmetal castings, and the entire apparatus was rigidly constructed to eliminate vibration.
Observation was made normal to the oscillating wall, whose peripheral amplitude was 2 in., and the flow was revealed by minute particles of photo graphic white ink, illuminated by a bright beam of light. The beam was oblique to minimize convection currents. An image of the field, obtained outside the chamber by an anastigmat lens (focal length 2 in.) was viewed through a microscope, under a magnification of 80 to 1. A fine platinum wire mounted in the focal plane of the eyepiece, and rotatable about the axis of the microscope, was used as a reference line.
3. It was hoped th at the advent of the breakdown would be indicated by a marked change in the inclination of the paths traced out by the illuminated particles at the middle of a swing; but observation showed that the inclinations of the paths to the direction of oscillation were, in general, too small for accurate measurement. Changes in flow pattern were however clearly revealed at the ends of a swing, for then the illuminated particles appeared as a cluster of slow-moving bright points of light, which swung upwards, downwards or sideways. Systematic records of these motions were taken over a wide field, for 234, 122, 88 and 50. The records for the first two cases are given in Table IV. The motions are specified by the scheme given at the head of the table. Occasionally, a flow changed whilst under observation, and for such flows the letters for the views seen are given.
The flows at
2nfAX/v -234 and 122 (Table IV) were three-dimen Fairly well-defined regions of up flow and of down flow, separated by nodal regions, existed within the fluid, and their existence suggests the presence of ring vortices of the type observed by Taylor (1923) in the breakdown flow between two coaxial rotating cylinders. At 88 (/= 0-045, v -79 x 10~4 * 6 ft.2/sec.) the fluid (water-glycerine mixture) appeared to be circulating as a whole, with a down flow at the oscillating wall and an up flow at the fixed wall. At the lowest Reynolds number of observation, 2ttJAX/v =50 (/= 0-045, v = 246 x 10~6 ft.2/sec.) the flow approx closely to the two-dimensional type, for although some up and down motions were observed (end of swing) they were very weak, and the paths of the particles at the middle of a swing moved in the direction of oscillation. The breakdown is characterized, then, by a three-dimensional flow, within which nodal regions separating up and down motions exist, and it is not improbable that these motions arise from the presence of ring vortices. The observations are not sufficiently precise to allow a reliable prediction of the value of 2nfAXjv at which the breakdown 0-225 0-300 
VI. T h e e f f e c t of e d d y d is t u r b a n c e s o n t h e b r e a k d o w n OF LAMINAR FLOW IN AN ANNULAR PIPE
1.
Observations by Schiller (1930 Schiller ( , 1934 , Naumann (1931 ' 1935 )' Kurweg (1933 and Nikuradse (1933) show that the eddies responsible for the onset of turbulence in pipes and channels arise from the rolling up of surfaces of discontinuity at the entry walls. At a low Reynolds number, the flow at the entry of a pipe is undisturbed and rectilinear. With an increase of Reynolds number undulations of flow appear. At first, these undulations tend to die down within the pipe, but eventually surfaces of discontinuity are formed at the entry walls, followed by a final stage in which these surfaces roll up periodically into discrete eddies, which persist beyond the entry. Below a critical Reynolds number, the energy of the entry eddies is dissipated in the pipe, but above this number, disturbances arising from these eddies persist, and the flow becomes turbulent every where.
2. The rates at which vorticity were generated at the entries of the pipes and channels used in the above experiments were roughly the same. Systematic variations, over wide ranges, of the rate at which vorticity is generated, and of the frequency, size and strength of the entry eddies, can be obtained by grids of sharp-edged radial plates mounted in the entry normal to the inflowing stream. Further, a grid form of obstruction allow s a stream of discrete eddies of known character to be fed into a pipe at Reynolds numbers well below the critical number of the pipe without the grid. The effect of both weak and intense disturbances of this character on the breakdown of laminar flow, well beyond the entry, forms the subject of these experiments.
3. When a grid produces intense disturbances, the influence of a wrelldesigned entry system on these disturbances can be taken to be negligible; but when the grid disturbances are themselves weak, the influence of the entry system cannot be ignored. Anomalies associated with entry flow can be detected by comparison of results obtained for different entry systems, and for this reason twro entry systems, B and C ( § I), were used. Pipe III was used, the critical value of with entry system B being about 920, whilst that for system C was above 1470, the highest value of test.
4. Measurements of the pressure drop were made at the test length A4A7 5 of pipe III for ten grids. Each grid was mounted in the junction plane of the faired entry and the pipe, and presented an obstruction in the form of a number of uniformly spaced teeth extending across the width of the pipe. The teeth edges were sharpened by chamfering the undersurface. Details of the grid shapes are given in Table V. 5. The total quantity of vorticity ( 4-ve or -ve) shed in unit time from the sharp edges of the teeth is mnu\ , where us is the v The teeth of the grids used in the present experiments can be regarded as small plates normal to the inflowing stream. Experiments on flat plates (Fage and Johansen 1927), circular cylinders (Strouhal 1878; Richardson 1923 ; Relf and Simmons 1924; Fage 1934) , and circular discs (Stanton and Marshall 1930) suggest that eddies will begin to be shed from the teeth at a Reynolds number uw/v about 50, and at a frequency/, the relation w f/u= 0-15. The number, spacing, length, and wid teeth, influence these numbers, but they should have the right order of magnitude. When uw/v = 50, the pipe Reynolds number is 50 Values of 50m/w for the ten grids, given in Table V, show that the grids begin to shed eddies at values of um/v ranging from about 9 (grid c) to about 227 (gridj).
6. A. Fage whole range of um/v covered.* The same statistically uniform of flow exist therefore in the test length, in spite of the fact that con siderably different amounts of vorticity are shed into the pipe from the entry grids, the vorticity shed from grid a being about 60 times greater than that shed from grid h. The eddies also differ both in size and frequency; those from grid a having diameters about 2-3 times greater and frequencies 2-3 times smaller than those from grid on the assumption that the eddy diameter is proportional to the tooth width. The values of depart early, at um/v =600, from the theoretical curve for laminar flow. Below this value of um/v the pipe walls damp out the entry disturbances; whilst above this value the walls impose the same pattern on the flow at the test length irrespective of the strength of the entry disturbances. The lower critical Reynolds number of the pipe can therefore be taken as 600.
The results for grids i and j (entry system C) depart later, and less definitely, from the theoretical curve than those for grids a-h. For grid the departure occurs at about um/v = 750. The and it is probable that at this small value eddies can just be generated, and that they are shed spasmodically. Also, the eddies are small in diameter (about 0*01 in.). It would appear, therefore, that the early breakdown of laminar flow associated with intense eddy disturbances can be caused by very weak entry disturbances, provided they are in the form of discrete eddies.
,7. This conclusion was supported by experiments made to measure the effect of obstructions in the form of sharp-edge annular ridges, projecting outwards from the central rod of the pipe. The widths of the ridges were 0*0255, 0*0155 and 0*0055 in. (0*56, 0*34 and 0*12 m.). The first two ridges caused a departure from laminar flow (pipe III, test length N4N5, entry systems A and C) at um/v = 600 (approx.). The values of the Reynolds number uw/v were then 336 and 204; and it is not unlikely that streams of discrete ring eddies were shed into the pipe. The results for the narrowest ridge (width 0*12 m.) lay on the laminar curve up to um/v =015, the highest value of test. The value of uw/v was then 117, and at this low value it is probable that eddies were not shed.
8. Schiller (1932) has suggested that wall roughness has no effect on laminar flow when huh/v, where h is the height of the excrescences and uh is the velocity in the undisturbed flow at a distance h from the wall, is less than the critical number Rc for the formation of an unsteady wake behind * Grids b, d, e and g give sam e results. Values of m P /^p u 2 for a sharp-edged entry to th e pipe (no grid) are included in fig. 12. an obstacle having the shape of the roughness excrescences. The present experiments show that isolated excrescences for which cause, when placed in the mouth of a pipe, a departure from laminar flow at a value of the Reynolds number umjv lower than that for the departure without the excrescences. There is, however, a lower limit of below which the flow remains laminar, no m atter how large the entry excrescences. Distribution of excrescences of the same kind over the entire surface of the pipe would cause the critical Reynolds number (um/v) to fall below the lower limit for a smooth pipe, provided, as suggested by Schiller, liuhjv were greater than Rc.
VII. T h e o r e t ic a l r e l a t io n s fo r v is c o u s f l u id f l o w i n a n a n n u l a r
PIPE, AND BETWEEN TWO INFINITE PARALLEL PLANE WALLS, WHEN ONE
WATT. OSCILLATES AXIALLY AND THE OUTER WALL IS FIXED
1. Annular pipe. The equation for viscous fluid flow through a pipe of annular cross-section is
where u is the velocity ih the direction of the axis OX of the pipe, r is the radial distance of a point in the cross-section of the pipe, and -dp/dx is the pressure gradient down the pipe. 2. For fixed walls the solution (Lamb) of equation (1) is
where P representsdp/dx.
3.
Outer wall, r -a, fixed: inner wall, r = b, oscillating in direction. Let the motion of the inner wall be given by u -Aw sina>£. The solution of equation (1) 
A solution of equations (3a) in terms of real and imaginary Bessel functions is
where the values of Ex, E2, Fv F2 are fixed by the boundary conditions B = G = 0 when r = a, and B = Aco, (7 = 0 when r = b. Relation (36) shows that the pressure gradient is not affected by the oscillation of the inner wall.
When
la -6\ is small, as in the experiments of § 2, an approximate \a + 6/ relation for the velocity distribution across a pipe, when the inner wall oscillates axially and the outer wall is fixed, is given by the relation for viscous flow between two parallel plane walls, when one wall oscillates, and the other wall is fixed.
5.
Plane walls. The equation for viscous flow between two parallel infinite plane walls is du d2u 1 dp
where the origin is taken in one of the walls, and the axis OZ is perpen dicular to them. For fixed walls, the solution is
6.
Wall at z = 0 fixed: wall at z -2m oscillating in the direction OX. Let the motion of the wall z = 2m be given by u = Aw smwt. The solution of equation (4) 
7. When 7 T * J ( v / 7 r f ) < m, the relations = Bx sin + C\ cos cot for the velocity disturbance can be recast with good accuracy (except near the fixed wall) into the simple form u -to rfA e x p [ -2TO/A] c o s (^w h e r e A is the wave length of the disturbance, given by and z is now taken to be the distance from the oscillating wall.
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In conclusion, the writer wishes to acknowledge his great indebtedness to Mr W. S. Walker, who assisted in the carrying out of the experiments described in the paper. S u m m a r y 1. Scope of work. Experiments have been made to determine the effects of disturbances of known character on the laminar flow of water in a long pipe of annular cross-section. The disturbances considered are those due to axial oscillations of the inner wall of the pipe, to oscillations of the inner wall about its axis, and to both weak and intense entry eddies. Experiments on the breakdown due to a uniform rotation of the inner wall (outer wall fixed) have also been made.
The breakdown of flow near a plane surface oscillating in a stationary fluid has been observed.
Theoretical relations for the flow of a viscous fluid through an annular pipe, under the influence of a pressure gradient parallel to the axis, with the inner wall oscillating axially and the outer wall fixed have been obtained.
2.
Conclusions. The frequency of the axial oscillation of the inner wall when a departure from laminar flow occurs depends on the axial amplitude of the wall and the viscosity of the fluid, and is independent, within the accuracy of measurement, of the velocity of axial flow. The Reynolds number of disturbance, defined as the product of the velocity amplitude at the wall and a length 2n ^(v/nf) (where / = frequen viscosity, at which a departure from laminar flow occurs does not change appreciably over a wide range of amplitude.
The results with the inner wall of the pipe oscillating about its axis suggest that the flow remains laminar up to the critical Reynolds number of disturbance measured with the inner wall oscillating axially.
Visual observation suggests the presence of rotating bands of fluid with their axes parallel to the direction of oscillation at the breakdown.
When the inner wall rotates at a uniform speed (outer wall stationary), the critical rotational speed increases with the axial speed of flow; and the critical number for no axial flow, predicted by extrapolation of the curve drawn through the numbers measured with axial flow, is in close agreement with Taylor's theoretical number.
It is shown that the early breakdown of laminar flow associated with intense entry disturbances can be caused by very weak entry disturbances, provided they are in the form of discrete eddies.
